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After the introduction of intraoperative measure-
ment of peripheral runoff by Ascer, this method was
used in a number of cases.1-5 However, the question
of its prognostic value regarding early and late
patency remains uncertain.1,2,6,7 The outcome of a
femoral infrainguinal bypass grafting procedure
depends on the quality of the surgical reconstruc-
tion. Yet other factors, including the bypass grafting
material used, morphology and dimensions of the
recipient vessels, and administration of anticoagula-
tion drugs, play a major role.2,4,8,9
Several methods of measuring peripheral resis-
tance exist. Their common principle involves calcu-
lation of resistance based on Ohm’s law, with direct
measurement of pressure and flow after completion
of the distal anastomosis.1,2,4,8,10,11 Either perfusion
pressure or flow is held constant, and resulting com-
plementary measurement values are obtained. The
main disadvantage of this setting is the impossibility
of calculation of true hydraulic impedances. At the
Humboldt-University, a new approach was devel-
oped, with a silicon tube temporarily inserted
between the donor and recipient vessels. An electro-
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Purpose: Prognostic information about graft outcome, obtained by using a new method
for intraoperative measurement of vascular impedance, was evaluated.
Methods: Hydraulic impedance was measured in 136 infrainguinal bypass grafts that were
entered into a multicenter trial. Seventy femoropopliteal and 66 femorocrural polyte-
trafluoroethylene (PTFE) grafts were used. The arterial impedance measurement
involved a silicon bypass graft temporarily inserted between the proximal and distal
anastomoses sites. A flowmeter probe and a pressure transducer were incorporated into
the tube. The digitally stored waveforms were subjected to a fast Fourier transformation
and both input (Zx) and characteristic (Z0) impedances, as well as phase relations, were
computed and related to graft outcome after 3 years.
Results: Significant prognostic information for both popliteal and crural grafts was pro-
vided by means of the phase angle of the first harmonic. Primary and secondary paten-
cy rates for popliteal bypasses were 45% ± 1% and 65% ± 2% for phase angles greater than
–40 degrees (n = 57) and 37% ± 1% and 40% ± 1% for phase angles less than –40 degrees
(n = 13, pprim = not significant, psec < 0.01). For crural grafts, the secondary patency
rates were 49% ± 1% and 61% ± 2% for phase angles greater than –40 degrees (n = 53)
and 15% ± 1% and 0% for phase angles less than –40 degrees (n = 13, P < .01). All crur-
al bypass grafts with phase angles less than –40 degrees occluded within 16 months.
Steady flow resistance, as well as Zx and Z0, failed to indicate a significant relation to
graft prognosis.
Conclusion: This method provides reliable prognostic information regarding graft paten-
cy and opens hydraulic impedance measurement to clinical surgery. The phase lag
between flow and pressure curves, as expressed by the phase angle of the first harmon-
ic, provides significant prognostic information. (J Vasc Surg 1999;30:301-8.) 
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magnetic flowmeter probe and a pressure transduc-
er were integrated in the tube, thus allowing the cal-
culation of true hydraulic impedance values of the
peripheral outflow bed from the stored waveforms.
This article presents preliminary data about graft
outcome depending on variables of hydraulic imped-
ance measurement, gathered from the follow-up at 3
years of 136 cases of both femoropopliteal and crur-
al bypass grafting procedures.
MATERIALS AND METHODS
Patients. Intraoperative hydraulic impedance
measurements were obtained in a multicenter trial
during 136 infrainguinal reconstructions in 128
patients at Humboldt-University of Berlin (Charité)
and Queen-Elisabeth Hospital in Berlin from
February 1994 to June 1998. There were 47 women
and 81 men, ranging in age from 40.2 to 90.3 years,
with a mean age of 67.2 years. Cardiovascular risk
factors were common (Table I). The indications for
surgery were severe claudication of less than 200 m
in 62 patients (46%), ischemic rest pain in 39 patients
(29%), and gangrene or nonhealing ischemic ulcer in
35 patients (26%). To optimize the run-in situation,
existing proximal stenoses were treated with balloon
angioplasty in 29 cases (21%). There were 70
femoropopliteal bypass grafts to both the supragenu-
al and infragenual popliteal artery and 66 femoro-
crural bypass grafts (Table II). Expanded polytetra-
fluoroethylene (PTFE) grafts were used in all
instances. Six-millimeter grafts were used for the
femoropopliteal bypass grafting procedures, and 5-
mm grafts were used for all femorocrural bypass
grafting procedures. The distal anastomosis of all
crural bypass grafts was built as a patch prosthesis.12
A calcified posterior plaque was found in 53 recipient
vessels (39%). The plantar artery was not visualized
by means of angiography in 36 cases (27%). Of the
70 femoropopliteal bypass grafts, 47 (67%) were to
the supragenual artery, whereas 23 (33%) were to the
infragenual popliteal artery. Of the 66 femorocrural
bypasses, 32 (49%) were to the anterior tibial, 30
(46%) to the posterior tibial, and four (6%) to 
the peroneal artery. The patients were included in a
graft surveillance program. All patients except four
were treated postoperatively with phenprocoumon
(Coumadin therapy). Postoperative follow-up exam-
inations were done at 6, 12, 24, and 36 months after
operation. Graft patency was confirmed by means of
duplex sonography and ergometry. The clinical
course, improvement of symptoms, and dates and a
description of interventions to restore patency were
recorded. The study was carried out in accordance
with the requirements of our Institutional Review
Board for Human Research.
Intraoperative measurement of hydraulic
impedance. Intraoperative measurement of vascular
resistance was accomplished with the extracorporal-
bypass-flow-method (EBF; Fig 1). This technique
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Table I. Cardiovascular risk factors 
Risk factor N (%)
History of smoking 60 (47)
Diabetes mellitus 45 (35)
Hypertension 70 (55)
Coronary artery disease 41 (32)
Coronary artery bypass grafting 7 (6)
Hyperlipemia 44 (34)
Chronic renal failure 18 (14)
Fig 1. Diagram of the extracorporal-bypass-flow-method. Silastic tubing is used to connect the
anastomoses sites to allow an undisturbed flow of blood into the distal arterial bed. The simulta-
neous recording of flow and pressure waveforms enables calculation of hydraulic impedance.
was developed at Humboldt-University to provide an
improved method for intraoperative measurement of
outflow resistance and vascular impedance. The
underlying principle involves the use of a silicone
tube temporarily inserted between the proximal and
distal anastomosis regions after exposure of the
appropriate vessels. To allow an undisturbed blood
flow from the common femoral artery into the out-
flow bed of the planned bypass graft, as large cannu-
lae as possible were selected. For popliteal grafts, the
common femoral and the recipient distal superficial
femoral artery were cannulated with Harvey-
Cannulae (Bard, Tewksbury, Mass). For grafts to the
crural arteries, the recipient vessels were cannulated
with small, size-adjusted vessel tips (IMB, Berlin,
Germany). The distal catheters were placed directly
into both the proximal and the distal parts of the
recipient vessel. This allowed measurement of total
peripheral resistance and selective orthograde, as well
as retrograde, runoffs (Fig 1). The cannulae were
attached to a silicon tubing (internal diameter, 10
mm; Rüsch, Kernen, Germany) in which the electro-
magnetic flowmeter probe (Cliniflow II, Carolina
Medical Electronics, King, NC) and the connector
for pressure measurement were incorporated. Pres-
sure was recorded by means of a fluid-filled catheter
system connected to a pressure transducer (Transpac
IV, Abbott Laboratories, Morgan Hill, Calif). The
distance between the flowmeter probe and the pres-
sure measurement connector was kept to 3 cm, and
the distance to the distal catheters was kept to 15 cm.
The observed flow disturbances inside the silastic
tubing were negligible. The waveforms of both
devices were simultaneously sampled by means of a
notebook computer with a sampling rate of 100 per
second. Steady flow resistance was computed and dis-
played online for monitoring purposes. Each collec-
tion period was 20 seconds in length. Three to five
data sets were obtained for each outflow region.
The flowmeter frequency response was flat to 25
Hz and produced a phase delay of approximately 3.0
degrees per Hz (manufacturer’s specifications). The
frequency response of the pressure system was deter-
mined by means of the transient method.13 The
damped frequency of the pressure system was 15
Hz. Appropriate corrections for amplitude and
phase angles were included in the calculations. 
Calculation of vascular impedance. Input
impedance was calculated from the stored wave-
forms with a signal analysis software (Famos, IMC,
Berlin, Germany). The beginning and end of each
cardiac cycle were selected from the flow waveform.
The simultaneous recorded pressure wave was auto-
matically determined by means of the software. A
fast Fourier transform algorithm was then applied to
obtain the Fourier components of the signals. This
technique allowed description of complex wave-
forms, like flow and pressure waves, with a series of
sine waves. Each sine wave can be characterized with
magnitude (modulus) and phase information. The
curves of the impedance modulus and phase were
plotted against the harmonic (Fig 2). Input imped-
ance (Zx) was calculated from the complex ratio of
pressure (P) to flow (Q): 
Z n = Pn/Qn
Impedance phase angles (q ) were derived by sub-
tracting the phase angles from the pressure (f ) and
flow (e ) transforms: 
q n = f n – e n14
Input impedance was defined as the modulus of
impedance at the 0 harmonic (Fig 2). This equals
the quotient of the pressure and flow waves means
and corresponds to steady flow resistance.14 It is
determined by the properties of the distal arterial
bed and influenced by wave reflections from distal
vessel sites.14,15
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Table II. Hemodynamic variables obtained by using the extracorporal-bypass-flow method during 136
infrainguinal reconstructions. Data are expressed as mean values ± SEM.
Graft N (%) Flow Pressure PR Zx Z0 1st phase angle Patency rates (%)
Femoropopliteal 70 183 ± 14 86 ± 2 0.66 ± 0.1 0.68 ± 0.06 0.26 ± 0.2 –25 ± 2 degrees
Supragenual 47 (67.1) 206 ± 19 83 ± 3 0.56 ± 0.1 0.63 ± 0.08 0.23 ± 0.01 –23 ± 2 degrees Primary: 43
Infragenual 23 (32.8) 134 ± 13 90 ± 4 0.85 ± 0.1 0.79 ± 0.08 0.32 ± 0.04 –29 ± 4 degrees Secondary: 60
Femorocural 66 135 ± 11 80 ± 3 0.86 ± 0.1 0.84 ± 0.1 0.32 ± 0.02 –28 ± 2 degrees
Tibialis anterior 32 (48.5) 124 ± 13 82 ± 4 0.91 ± 0.1 0.89 ± 0.12 0.30 ± 0.02 –29 ± 3 degrees Primary: 41
Tibialis posterior 30 (45.5) 150 ± 18 76 ± 3 0.81 ± 0.2 0.77 ± 0.14 0.34 ± 0.04 –25 ± 3 degrees Secondary: 46
Peroneal artery 4 (6) 95 ± 18 102 ± 10 0.89 ± 0.3 0.87 ± 0.12 0.33 ± 0.04 –38 ± 11 degrees
PR, Peripheral resistance (mean arterial pressure/flow) in mm Hg/mL/min; Zx, input impedance; Z0, characteristic impedance; 1st phase
angle, value of the first harmonic phase angle.
Characteristic impedance (Z0) was estimated as
the average of all impedance moduli from the third to
the ninth harmonics.13,14 Z0 defines the pressure-to-
flow ratio in the absence of reflected waves and
depends on the elastic properties of the studied
artery.14,15-17 Characteristic impedance varies with
vessel diameter.14 Impedance phase angles are like-
wise altered by wave reflections like the input imped-
ance. Particularly, the very first phase angles are sensi-
tive to administration of vasoactive drugs and, there-
fore, could serve as a “mirror” of arterial elasticity.17
This is supported by more negative phase angles of
the first harmonics in patients with hypertension,
compared with those in healthy individuals.15,19,20
Because the values of higher harmonics phase angles
are extremely vulnerable to computational errors, we
included only the first impedance phase angle for sub-
sequent analysis.
Statistics. All data are represented as mean 
± SEM. Input impedance values are expressed 
as mm Hg/mL/min (PRU, peripheral resistance
unit). The Student t test was used for the analysis 
of impedance variables among the groups. Cu-
mulative primary and secondary patency was ana-
lyzed by means of the Kaplan-Meier method and
log-rank test. P values less than .05 were considered
significant.
RESULTS
Measurements. For femoropopliteal bypass
grafts (n = 70, Table II), the total outflow resistance
was 0.1 to 2.8 PRU (mean, 0.66 ± 0.06 PRU), the
mean flow rates were 36 to 683 mL/min (mean,
182.7 ± 14.2 mL/min), and the mean pressure val-
ues 52 to 139 mm Hg (mean, 85.7 ± 2.2 mm Hg).
The calculated values of input impedance were 0.1 ±
2.8 (mean, 0.68 ± 0.06), the characteristic imped-
ance values were 0.1 to 0.77 (mean, 0.26 ± 0.02),
and the values of the first harmonic phase angle were
–1 degree to –62 degrees (mean, –25 ± 2 degrees).
For femorocrural bypass grafts (n = 66, Table
II), the total outflow resistance range was 0.1 to 2.8
PRU (mean, 0.8 ± 0.07 PRU), the flow rates were
22 to 485 mL/min (mean, 135 ± 10.7 mL/min),
and the pressure levels were 32 to 129 mm Hg
(mean, 80.4 ± 2.5 mm Hg). The computed values of
input impedance were 0.1 ± 2.8 (mean, 0.84 ± 0.1),
the values of characteristic impedance were 0.1 to
0.95 (mean, 0.32 ± 0.02), and the values of the first
harmonic phase angle were –4 degrees to –81
degrees (mean, –28 ± 2 degrees). Mean flow rates
(P < .01) and the values of characteristic impedances
(P < .05) were statistically significant between the
femoropopliteal and crural bypass graft groups. The
values of characteristic impedance increased with
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Fig 2. Modulus and phase of impedance at the input of a crural artery determined from mea-
surements of pressure and flow with the extracorporal-bypass graft method during femorocrural
reconstruction. Input impedance (Zx, peripheral resistance) was defined as the modulus at the 0
harmonic, and characteristic impedance (Z0) was estimated by averaging the third to ninth imped-
ance moduli. Because of the likelihood of computational errors during calculation of higher har-
monics phase angles, only the angle of the first harmonic was included in this study.
decreasing vessel diameter (Table II) and showed
statistically significant differences between the supra-
genual femoral artery and the remaining vessels,
with the exception of the peroneal artery. Other
interarterial significant differences could not be
identified.
Primary and secondary patency rates. The
mean follow-up period was 14 months ± 1 month
(range, 1 week to 36 months). The primary patency
rates at 36 months were 44% for femoropopliteal
and 41% for femorocrural grafts (not significant,
Table II). Overall secondary patency rates were 60%
for popliteal and 46% for crural bypass grafts (P <
.05; Fig 3). Fifteen patients died during the follow-
up interval, and eight patients were lost to follow-
up. The rate of major amputations was 5% (n = 7).
Primary and secondary patency rates were broken
down according to empirically chosen critical values.
Only the value of the first phase angle indicated 
a significant relation to graft patency in both
femoropopliteal and crural bypass graft groups.
Steady flow resistance measurements obtained with
both segments of the recipient artery open, as well
as input (Z0) and characteristic (Zx) impedances,
showed no correlation with graft patency.
Phase angles of –40 degrees or less were accom-
panied by a high rate of bypass graft failures. The
primary and secondary patency rates for the
femoropopliteal bypass graft group were 45% ± 1%
and 65% ± 2% for a phase angle of –40 degrees or
greater (n = 57) and 37% ± 1% and 39% ± 1% for a
phase angle of –40 degrees or less (Fig 4), respec-
tively (n = 13, pprim = not significant, psec < 0.01).
The mean survival times for femoropopliteal grafts
with phase angles of –40 degrees or greater were 23
± 2 months and 29 ± 2 months versus 15 ± 4 and 20
± 4 month for grafts with lesser phase angles. 
Primary and secondary patency rates for crural
bypass grafts were 49% ± 1% and 61% ± 2% for a
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Fig 3. Comparison of overall cumulative A, primary and
B, secondary graft patency for femoropopliteal and
femorocrural polytetrafluoroethylene bypass grafts.
Fig 4. A, Primary graft patency did not differ significant-
ly among the groups. B, Cumulative secondary graft
patency was significantly higher in the femoropopliteal
bypass graft group with first harmonic phase angles of –40
degrees or greater, compared with the grafts with lesser
phase angles (P < .05).
phase angle of –40 degrees or greater (n = 53) and
15% ± 1% and 0% for a phase angle of –40 degrees
or less (n = 13; P < .01; Fig 5). The mean survival
times for grafts with phase angles of –40 degrees or
greater were 21 ± 2 months and 26 ± 2 months ver-
sus 4 ± 1 month and 7 ± 2 months for grafts with
lesser phase angles. All crural grafts with phase
angles of –40 degrees or less occluded within 16
months.
DISCUSSION
The prognosis of infrainguinal bypass grafts
depends on, in addition to technical aspects and the
bypass graft material used, primarily the peripheral
runoff, which is influenced by the physical proper-
ties of the blood and blood vessels. To describe 
the hydraulic load that is placed on the arterial sys-
tem, the concept of arterial impedance was intro-
duced.14,16,17,21 This concept involves both steady
(peripheral resistance) and pulsatile (input and 
characteristic impedances) components to provide a
more complete description of vascular properties.
Intraoperative acquisition of vascular resistance alone
was performed and reported in a number of cases,
and several methods of measurement exist.1-5 The
underlying principle of most techniques involves
determination of pressure and flow in analogy to
Ohm’s law of electrical resistance. Calculation of vas-
cular resistance is therefore possible after obtaining
flow rate and perfusion pressure. The known meth-
ods either use a constant flow rate or a constant pres-
sure level to obtain the resulting pressure or flow
rate, respectively. The quotient of both variables cor-
relates to the steady flow resistance of the vessel
being studied. Most groups, however, prefer the con-
stant flow technique. The principle disadvantage of
this technique is that peripheral resistance describes
only the nonpulsatile components of the constraints
imposed on the graft and the arterial system. Pulsatile
elements comprise the characteristic impedance and
the phase relationships between pressure and flow
curves. These variables presumably contain potential-
ly valuable information regarding the distal outflow
situation.
A new method for intraoperative measurement of
peripheral runoff, which additionally allows calcula-
tion of true impedances, was developed at the
Humboldt-University. The EBF method integrates
pressure and flow measurement into a temporary sili-
cone bypass graft, bridging the proximal and distal
anastomosis sites before reconstruction of the distal
anastomosis. Simultaneous measurement of pulsatile
flow and pressure waveforms enables calculation of
input and characteristic impedances after obtaining
the Fourier components of the signals. This proce-
dure has been widely accepted as a useful tool for pul-
satile hemodynamic analysis.13-15,18 Several authors
reported in vivo impedance measurements of femoral
arteries in humans and animals.17,22,23 Because of the
lack of technical solutions, only a few reports about
intraoperative measurement of arterial impedances in
patients undergoing infrainguinal bypass grafting
surgery exist. Butler reported 15 cases with intraoper-
ative measurement of arterial impedance at the level
of the common femoral artery before reconstruc-
tion.22 She did not concentrate on the distal outflow
and therefore obtained limited information about
graft patency. 
To gain information about the distal outflow
bed, we constructed a silastic bypass graft tubing,
which was inserted temporarily for measurement
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Fig 5. A, Primary and B, secondary graft patencies were
significantly higher in the femorocrural bypass graft group
with first harmonic phase angles of –40 degrees or greater,
compared with the grafts with lesser phase angles (P <
.01). All crural bypass grafts with angles less than –40
degrees occluded within 16 months.
purposes and then removed. This system was used to
connect the prepared anastomoses sites to provide
an undisturbed flow into the distal arteries. The con-
struction required enclosing a certain distance of the
tubing between the measuring probes and the distal
connectors. Because this distance was equal for each
bypass graft group, we considered this systemic error
to be acceptable. 
The setting allowed an independent assessment
of the peripheral runoff by using pulsatile flow and
pressure at accurate temperature and viscosity levels,
omitting saline perfusion systems, as do known
methods for resistance measurement.1-5
We evaluated input and characteristic imped-
ances and the value of the first impedance phase
angle to determine their prognostic correlation to
bypass graft outcome. 
Input impedance. Input impedance is the ratio
of pressure to flow and correlates to steady flow resis-
tance. It oscillates around the characteristic imped-
ance value based on wave reflections from distal
sites.14 The measurement of peripheral resistance
alone is simple to perform, and several studies that
report its correlation to graft patency exist. The
results have been contradictory, and a lot of studies
failed to indicate a significant correlation or a clear
cutoff value above which bypass graft failure could be
expected.2,4,10,24,25 The present investigation sup-
ports these findings. Although the values of periph-
eral resistance were higher in the crural arteries, the
differences were statistically not significant. A clear
cutoff value, above which a graft closure would occur
regularly, could not be identified. The confirmed
poor correlation of outflow resistance with graft
patency is notable, because most methods of resis-
tance measurement are only capable of assessing this
variable. The results underline the need for obtaining
additional values that provide more reliable prognos-
tic information. 
Characteristic impedance. Characteristic imped-
ance (Z0) defines the ratio of pressure and flow in the
absence of reflected waves originating from distal ves-
sel sites. It depends on the elastic properties and varies
with the size of the vessel. Z0 cannot be measured
directly, because some degree of wave reflection is
always present in vivo, but it can be estimated from the
input impedance spectrum at higher frequencies.14,18
We have included the third to ninth harmonics for the
estimation. Several authors reported the physiologic
changes of both input and characteristic impedances
after administration of vasoactive drugs.17,23 During
vasodilation, the impedance modulus at 0 frequency
decreased and returned later to the starting point.
Vasoconstriction produced a temporary increase in the
value of the first harmonic phase angle, whereas the
value of the characteristic impedances remained stable
in all cases.17 In accordance with the literature, the val-
ues of characteristic impedance increased in the pre-
sent investigation with decreasing vessel diameters.14
The differences between popliteal and crural arteries
were found to be statistically significant, but the value
of the characteristic impedance alone did not indicate
a significant correlation to graft outcome.
Phase relation. Very few studies have dealt with
phase relationships.23,26-28 A previous report about
the phase shift between flow and pressure waves sug-
gested a significant correlation of phase information
to graft patency.29 The phase of the input impedance
is usually negative at low frequencies, indicating that
flow leads pressure. The phase angle approaches 0 
as frequency rises and usually becomes positive or
turns downward again. Phase angles were likewise
altered after drug administration as the input imped-
ance.16,17,23 In particular, the phase angle value of
the first harmonic was very sensitive in this context.
Although vasodilatation produced a significant in-
crease of the first phase angle, vasoconstriction led to
a decrease of 30 degrees.17 The phase relation is
indicative of the degree of wave reflection in the sys-
tem and of the arterial compliance.30 This is sup-
ported by findings that phase angles of the first har-
monics were more negative in patients with hyper-
tension, compared with healthy patients; these
findings were attributed to increased wave reflec-
tion.27 The impedance phase angles of the first har-
monics typically observed in arteries range from 0 to
–60 degrees.27,31 We confirmed this range and found
a strong correlation between the impedance phase
angle of the first harmonic and graft patency. This
variable was more sensitive at detecting patients at
high risk for graft failure than the impedance ratio
and provided significant information both for
femoropopliteal and femorocrural bypass grafts. The
cutoff value below which all crural grafts occluded
was –40 degrees, whereas almost 40% of popliteal
bypass grafts in this range remained patent, despite
increased hydraulic impedance values. This could, in
part, be explained by femoropopliteal bypass grafts
per se having a better prognosis because they supply
a larger outflow bed than one-vessel femorocrural
grafts. It appears, however, that femoropopliteal
bypass grafts are less vulnerable to increased outflow
resistance and impedance than crural grafts. Another
important aspect of phase angle relationships in this
context is the reported significant impact of low
impedance phase angles on wall shear stress.27,28,31,32
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This notable evidence appears to be a clue to the
pathophysiology of the development of intimal
hyperplasia in distal bypass graft anastomoses.
The presented method for intraoperative deter-
mination of hydraulic impedance was used in a num-
ber of patients. It is easy to perform and provides an
instantaneous overview of the distal outflow situa-
tion. Although the likelihood of an acute graft
thrombosis is not predictable, patients at risk could
be directly identified through forward and backward
flow pattern. Much information concerning individ-
ual bypass graft prognosis can be gleaned from the
calculation of hydraulic impedances and phase rela-
tions. We believe that our method provides a thor-
ough assessment of the distal outflow bed and will
be helpful in further investigation of the pathophys-
iology of graft failures other than technical errors.
We thank Mr Bert-Uwe Köhler, Institut für Elektronik,
Technische Universität Berlin, for his mathematical and
computational assistance.
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